Nuclear F-Actin Is Required for AcMNPV Nucleocapsid Morphogenesis  by Ohkawa, Taro & Volkman, Loy E.
a
s
e
c
g
r
t
a
t
n
w
w
w
c
i
d
s
p
l
(
a
a
m
s
F
(
(
H
4
Virology 264, 1–4 (1999)
Article ID viro.1999.0008, available online at http://www.idealibrary.com onRAPID COMMUNICATION
Nuclear F-Actin Is Required for AcMNPV Nucleocapsid Morphogenesis
Taro Ohkawa and Loy E. Volkman1
Department of Plant and Microbial Biology, University of California, Berkeley, California, 94720-3102
Received July 23, 1999; returned to author for revision August 16, 1999; accepted September 14, 1999
During nucleocapsid assembly, filamentous actin (F-actin) colocalizes with the major capsid protein of Autographa
californica M nucleopolyhedrovirus (AcMNPV) within nuclei of infected lepidopteran host cells. Cytochalasin D (CD) disrupts
actin filaments and prevents assembly of progeny AcMNPV, suggesting that nuclear F-actin is essential for nucleocapsid
morphogenesis. Direct proof for this hypothesis was provided by the demonstration that two AcMNPV recombinants
engineered to express either wild-type- or CD-resistant actin at equivalent rates were differentially sensitive to CD. The
AcMNPV requirement for nuclear F-actin is unique among intracellular pathogens and may constitute a significant host range
factor. © 1999 Academic Press
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fIt is now widely recognized that many different viruses
ppropriate the actin cytoskeleton of their host cells for a
pecific function (4). Nucleocapsids of human parainflu-
nza virus type 3, for example, attach themselves to
ytoplasmic actin microfilaments for transcription and
enome replication, while newly synthesized influenza
ibonucleoproteins use cytoplasmic microfilaments for
he assembly of progeny virions (5, 6). Filamentous (F)
ctin also has been implicated in the assembly of Au-
ographa californica M nucleopolyhedrovirus (AcMNPV)
ucleocapsids, but AcMNPV nucleocapsids assemble
ithin the nucleus, making this putative viral interaction
ith F-actin unique. We have observed that cells infected
ith AcMNPV in the presence of 1 mg/ml (;2 mM)
ytochalasin D (CD), a fungal toxin that binds actin and
nterferes with F-actin-dependent processes, fail to pro-
uce infectious budded virus (3, 18). Electron micro-
copic and biochemical evidence indicate that budding
er se is not inhibited because budded viral envelopes
acking nucleocapsids are produced in ample quantities
18). Rather, newly synthesized viral DNA is not pack-
ged in the presence of CD, and long aberrant capsids
re formed in the nucleus juxtaposed to the inner nuclear
embrane, demonstrating that CD prevents nucleocap-
id assembly (7, 16, 18). Moreover, in normal infections,
-actin partially colocalizes with the major capsid protein
p39) in the nucleus during nucleocapsid morphogenesis
19). Both because the majority of the evidence implicat-
1 To whom reprint requests should be addressed at 251 Koshland
all, University of California, Berkeley, CA 94720-3102. Fax: (510) 642-t995. E-mail: lvolkman@nature.berkeley.edu.
1ng F-actin in the assembly of AcMNPV nucleocapsids
as been based on the use of CD and because a role for
uclear F-actin has never been described for any other
irus, it was essential to rule out the possibility that some
rotein other than actin might be the relevant CD-sensi-
ive target. The need was underscored by the paucity of
nowledge of lepidopteran cell biology and the CD-bind-
ng capabilities of baculovirus gene products. Here we
rovide direct proof that actin is the relevant target of CD
hen it interferes with AcMNPV morphogenesis.
Cytochalasin D-resistant Actin and Construction of Re-
ombinant Viruses. Toyama et al. (15) isolated a mutant
-actin from a cytochalasin B (CB)-resistant human epi-
ermal carcinoma cell line that had a reduced CB bind-
ng capability and substitutions of two amino acids (Val139
o Met, and Ala295 to Asp) located at the barbed end
here both CB and CD bind (3). Subsequently, they
emonstrated that this actin could confer CB as well as
D resistance on stably transformed KB cells when ex-
ressed at high enough levels (12). We created a CD-
esistant (CDr) lepidopteran cytoplasmic actin by making
he same mutations in a cDNA clone of A4 Bombyx mori
silk moth) actin (11) as Toyama et al. described for the
utant human actin gene. Wild-type (WT) B. mori A4
ctin is 98% identical in amino acid sequence to WT
uman b-actin with the majority of differences in the first
ive N-terminal amino acids (11). Site-directed mutagen-
sis of guanine to adenine at site 418 and cytosine to
denine at site 887 of B. mori A4 actin resulted in amino
cid residue changes Val140 to Met and Ala296 to Asp,
espectively, to generate CDr B. mori A4 actin (9). Trans-
er vectors were constructed by insertion of the b–galac-
osidase, the A4 B. mori actin, or the A4 B. mori CDr actin
0042-6822/99 $30.00
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2 RAPID COMMUNICATIONenes, individually, into vector pMP3 behind the p6.9
romoter (8). The p6.9 promoter is active late (beginning
s early as 6 h p.i.) and is one of the three strongest
nown baculovirus promoters (2, 8). The p6.9 gene cas-
ettes subsequently were transferred into the EcoRV site
f pAcpolh, with pUC18 containing the AcMNPV genomic
ragment from the XhoI site at position 2328 to a BamHI
ite at position 6625 (1). Recombinant viruses were gen-
rated by cotransfection of transfer vectors and BacPak6
iral DNA (Clontech) into Sf-9 cells with calcium phos-
hate coprecipitation. Recombinant viruses were puri-
ied by three rounds of plaque purification followed by
ne round of end-point dilution. The transfer vectors
ere verified by sequence analysis and the recombinant
iruses AcMNPV-p6.9/lacZ, AcMNPV-p6.9/WTact, and
cMNPV-p6.9/CDract were verified by restriction and
outhern blot analysis of viral DNA. Viral titers were
etermined by immunoplaque assay (17).
CDr Actin Rescues BV Progeny Production. Following
nfection of Spodoptera frugiperda Sf 9 cells, all three
6.9 recombinants exhibited similar growth curves in the
bsence of CD, and at 48 h p.i., their titers were 2.5–
.5 3 107 plaque-forming units (PFU)/ml (Fig. 1). In the
resence of 1 mg/ml CD, the titer of the lacZ recombinant
FIG. 1. Effect of CD on AcMNPV recombinant budded virus produc-
ion. Log phase Spodoptera frugiperda Sf-9 cells (ATCC CRL 1711),
rown at 28°C in Grace’s medium 110% fetal bovine serum, were
lated at 106 per 35-mm dish prior to the addition of AcMNPV-p6.9/lacZ
LZ), AcMNPV-p6.9/WTact (WT), or AcMNPV-p6.9/CDract (CDr) at a
ultiplicity of infection of 10. After 1 h, the cells were rinsed once and
ml of fresh medium containing 0, 1, 1.5, or 2 mg/ml CD (Sigma) was
dded. Aliquots (30 ml) of medium were collected at 0, 24, and 48 h p.i.
nd stored at 280°C until titers were determined (17). Experiments
ere performed in triplicate; error bars are 6SD.ailed to increase beyond the level of residual inoculum wy 48 h p.i. The titer of the WTact recombinant increased
-fold by 24 h and 75-fold by 48 h p.i. to a level of 3.3 3
06 PFU/ml. In comparison, the titer of the CDract recom-
inant increased 79-fold by 24 h p.i. and 254-fold by 48 h
.i. With increasing concentrations of CD, the titers of
oth actin-expressing recombinants decreased corre-
pondingly, but the titer of the CDract virus was always
reater than that of the WTact virus by at least one order
f magnitude. These results were as predicted if actin
FIG. 2. Immunoblot analysis of actin accumulation in infected Sf-9
ells. (A) Lysates of infected cells grown 6CD and (B) dilution series of
nfected cell lysates. Log phase Sf-9 cells (2.5 3 106) were plated in
0-mm dishes; subsequently, AcMNPV-p6.9/lacZ (LZ), AcMNPV-p6.9/
Tact (WT), or AcMNPV-p6.9/CDract (CDr) was added at a multiplicity
f infection of 10. The inoculum was removed after 1 h, and fresh
edium containing either 0 or 2 mg/ml CD was added. At 24 and 48 h
.i., cells were resuspended in culture medium, pelleted by centrifuga-
ion, resuspended in 150 ml of collection buffer (25 mM Tris, pH 7.5,
.5% NP-40, 100 mM NaCl, 30 mg/ml E-64), and stored at 280°C until
se. Cell lysates (12 ml), combined with 4 ml of 43 sample buffer (0.2
Tris, pH 6.8, 20% glycerol, 8% SDS, 0.1% bromophenol blue, 0.4 M
TT, and 30 mg/ml E-64), were boiled for 90 s, chilled on ice, and then
ither diluted in 13 sample buffer before loading (B) or loaded directly
nto 10% SDS–PAGE gels (A). Proteins were transferred to Immobilon-P
embranes (Millipore) and then incubated sequentially with anti-actin
onoclonal antibody (10), goat anti-mouse horseradish peroxidase-
onjugated antibody (Sigma), and TMB membrane peroxidase sub-
trate (KPL) (A) or ECL chemiluminescence reagent (Amersham) (B)
ith rinses in between.
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3RAPID COMMUNICATIONas the relevant CD-sensitive target. It was important to
onfirm, however, that no more WT actin than CDr actin
as produced in infected cells.
CDr Actin and WT Actin Are Expressed at Equivalent
evels. An immunoblot-based comparison of samples
aken at 24 and 48 h p.i. indicated that actin concentra-
ions were equivalent for cells infected with the actin-
xpressing recombinants, both 6CD (Figs. 2A and 2B).
he actin concentration in cells infected by the lacZ
ecombinant was considerably less and equivalent to
hat of uninfected cells (not shown).
To assess actin expression by another method, we
onducted pulse–chase experiments and compared
ctin synthesis at 24–25 and 48–49 h p.i. and the
mount of actin degradation 25–49 h p.i. The results
howed (by visual inspection and by PhosphorImager
nalyses) that, after a 1-h pulse, actin synthesis within
ells infected by AcMNPV-p6.9/WTact and AcMNPV-
FIG. 3. Autoradiograms of actin (and p39 for comparison) synthesized
ctin (Molecular Dynamics) below. Log phase Sf-9 cells (106) were pla
WT), or AcMNPV-p6.9/CDract (CDr) was added at a multiplicity of infe
ontaining either 0 or 2 mg/ml CD. At 23 and 47 h p.i., the medium w
-methionine (12% dialyzed fetal bovine serum (FBS)). Grace’s medium
g/ml CD, and the cells were incubated for 1 h. At 24 and 48 h p.i., 10
ells were rinsed twice with cold PBS and then harvested by scraping, p
ntil use. Chase samples were labeled from 24–25 h p.i., rinsed 33 i
ombined with 3.5 ml of 43 sample buffer, were boiled for 90 s and c
ubjected to autoradiography and PhosphorImager analysis.6.9/CDract was comparable (both 6CD) at 24–25 h s.i. and that very little or no actin was synthesized
8–49 h p.i. (Fig. 3). In addition, equivalent actin deg-
adation (approximately 19–23%) occurred during the
nterim chase period (25–49 h p.i.). For the AcMNPV-
6.9/lacZ recombinant, actin synthesis was negligible
ithout CD, in keeping with the known ability of the
irus to terminate host protein synthesis earlier during
nfection (13). A small amount of newly synthesized
ctin was detected at 24 h p.i. with CD, consistent with
revious findings that CD both delays the shut down of
ost protein synthesis and increases the expression of
ost actin (14, 20).
The observation that CDr actin rescues the production
f progeny virus to a significantly greater extent than WT
ctin when expressed at equivalent levels demonstrates
nequivocally that F-actin plays an essential role in
cMNPV nucleocapsid morphogenesis. This unique re-
uirement for nuclear F-actin may contribute to the ob-
1-h labeling periods with corresponding PhosphorImager analysis of
5-mm dishes, and then AcMNPV-p6.9/lacZ (LZ), AcMNPV-p6.9/WTact
f 10. The inoculum was removed after 1 h and fresh medium added
oved and the cells were rinsed twice with Grace’s medium without
t L-methionine (12% dialyzed FBS) was then added, with or without 2
35S-Trans label was added to each sample. Following 1 h of labeling,
, and resuspending in collection buffer. Samples were stored at 280°C
lete medium (6CD), and harvested at 49 h p.i. Cell lysates (10.5 ml),
n ice before loading onto 10% SDS–PAGE gels. Gels were dried andduring
ted in 3
ction o
as rem
withou
mCi of
elleting
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hilled oerved host range restriction of baculoviruses to arthro-
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4 RAPID COMMUNICATIONods, an important consideration in the development and
se of baculoviruses as pesticides.
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